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Abstract
Suggestions that novel, non-food, dedicated biomass crops used to produce bioenergy may provide opportuni-
ties to diversify and reinstate biodiversity in intensively managed farmland have not yet been fully tested at the
landscape scale. Using two of the largest, currently available landscape-scale biodiversity data sets from arable
and biomass bioenergy crops, we take a taxonomic and functional trait approach to quantify and contrast the
consequences for biodiversity indicators of adopting dedicated biomass crops on land previously cultivated
under annual, rotational arable cropping. The abundance and community compositions of biodiversity indica-
tors in fields of break and cereal crops changed when planted with the dedicated biomass crops, miscanthus
and short rotation coppiced (SRC) willow. Weed biomass was consistently greater in the two dedicated biomass
crops than in cereals, and invertebrate abundance was similarly consistently higher than in break crops. Using
canonical variates analysis, we identified distinct plant and invertebrate taxa and trait-based communities in
miscanthus and SRC willows, whereas break and cereal crops tended to form a single, composite community.
Seedbanks were shown to reflect the longer term effects of crop management. Our study suggests that miscant-
hus and SRC willows, and the management associated with perennial cropping, would support significant
amounts of biodiversity when compared with annual arable crops. We recommend the strategic planting
of these perennial, dedicated biomass crops in arable farmland to increase landscape heterogeneity and
enhance ecosystem function, and simultaneously work towards striking a balance between energy and food
security.
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Introduction
Anthropogenic-induced climate change continues to be
the single, overriding challenge to the future of humans
and ecosystems, and reductions in emissions of CO2 are
essential to limit the risks of climate change (IPCC,
2014). Balancing the food and fuel security demands of
a growing human population, in the context of climate
change, has led to a global drive to increase production
from land that has resulted in unforeseen land use con-
flicts, particularly for crops traditionally grown for food
being diverted for use in the transport biofuel industry
(Searchinger et al., 2015). These conflicts compound gen-
uine concerns that a shift in focus on to cheaper sources
of gas, including the recent developments in the shale
gas industry, could disrupt progress in the development
and adoption of sustainable renewable technologies and
significantly delay efforts to further reduce global emis-
sions of CO2 (Davis & Shearer, 2014; Jackson et al., 2014;
McJeon et al., 2014).
Non-food, perennial, dedicated biomass crops, such as
trees grown as short rotation coppice and grasses, are
potentially integral to reducing CO2 emissions and many
studies have documented positive benefits of growing
perennial biomass crops, including for ecosystem services
(Berndes et al., 2008; Baum et al., 2013a; Meehan et al.,
2013) and biodiversity (Haughton et al., 2009; Rowe et al.,
2009; Dauber et al., 2010; Baum et al., 2012; Stanley &
Stout, 2013; Bourke et al., 2014). However, much of the
ecological evidence is directly (e.g. Rowe et al., 2009) or
indirectly (e.g. Holland et al., 2015) based on studies con-
ducted on small, temporal (single samples within a single
season), spatial (localized, experimental plots) scales,
whilst sustainability concerns relate to longer term, land-
scape-scale expansion (Fargione, 2010; Dauber & Bolte,
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2014). Furthermore, many studies assess biodiversity taxa
of one type of biomass crop, without drawing compar-
isons with the land uses they may replace (see review by
Dauber et al., 2010) and use coarse levels of identification
(e.g. Rowe et al., 2011) resulting in misleading interpreta-
tion of responses for ecosystem service provision (e.g.
Holland et al., 2015). Nevertheless, models using data
derived from small-scale experiments have predicted that
perennial, dedicated biomass crops could have beneficial
environmental impacts if integrated into agricultural
landscapes (e.g. (Meehan et al., 2010; Tilman et al., 2009).
There have been well documented declines in farmland
biodiversity and ecosystem service provision in the latter
half of the 20th Century (e.g. Donald et al., 2001; Bianchi
et al., 2006; Storkey et al., 2012; Woodcock et al., 2014;
Senapathi et al., 2015). These reductions in biodiversity
and ecosystem function have been attributed to an
homogenization of the farmed landscape, in terms of
reduction in the area and diversity of semi-natural habi-
tats and diversity of on-farm cropping and management
systems (Benton et al., 2003; Bianchi et al., 2006). It is
therefore important to test whether cultivating perennial,
dedicated biomass crops in annual arable crop-domi-
nated landscapes could be used to enhance and conserve
farmland biodiversity and ecosystem function.
The agronomic management and growth characteris-
tics of perennial, dedicated biomass crops, such as wil-
lows (Salix spp), poplars (Populus spp) and miscanthus
(Miscanthus spp.), contrast with those of food crops typi-
cally grown for biofuel (e.g. wheat, maize, soy). Once
established, these crops can reach 3–4 m in height and
have the potential to produce large yields from very
low fertilizer and pesticide inputs and provide structure
in the landscape right through the winter, as they are
normally harvested after senescence (miscanthus) and
leaf drop (usually between December and April). As
they are perennials, remaining in situ for ca. 20 years,
the soil is not cultivated annually and they provide
more stable habitats punctuated only by annual (for
energy grasses) or triennial (for trees grown as short
rotation coppice) harvesting. For trees like poplar, that
are also grown as short rotation forestry, harvesting
cycles are even longer (>15 years).
Planting perennial biomass crops in farmland should,
therefore, result in contrasting abundances and composi-
tions of plants and invertebrates compared with annual
arable crops, reflecting differences in both crop growth
and management. To test this, we carried out extensive
sampling of established fields of two perennial, dedi-
cated biomass crops [miscanthus and short rotation cop-
piced (SRC) willows] and used taxonomic, functional
trait and phylogenetic groupings to compare the abun-
dance and community compositions of key biodiversity
indicators with those of arable crops. Thus, we test the
null hypothesis that there is no change in biodiversity in
perennial, dedicated biomass crops planted on land pre-
viously under annual arable crop management.
Materials and methods
Experimental design
We undertook the most intensive temporal- and spatial-scale
sampling of biodiversity in perennial biomass crops reported
to date (Karp et al., 2009) and compared these data with the
most complete study of biodiversity previously carried out in
arable crops (Coghlan, 2003; Perry et al., 2003) that is currently
available. Although these large-scale experiments were carried
out independently of each other in different years, they were
designed using the same methodologies, such that indicators of
weed and invertebrate biodiversity were intensively sampled
across entire, commercial fields over a single growing season
and represent the most comprehensive, standardized assess-
ment of regional- and national-scale patterns of biodiversity in
the farmed landscape of Great Britain. One concern with com-
paring data collected at different times is that populations of
biodiversity indicators in farmland, per se, may have changed,
making such a comparison problematic. Butterfly Lepidoptera
are used as an indicator of environmental change (Defra, 2014),
in part because they exhibit rapid (between-year) response to
environmental stresses. Butterfly populations were found to be
stable during the period 2000–2006, when these studies were
carried out (Defra, 2014) and have been used previously
(Haughton et al., 2009) to provide confidence that any differ-
ences in abundance and community composition in the crop
types are crop management-mediated.
Biomass crops
Using questionnaires similar to those used for study site selec-
tion in the Farm Scale Evaluation (FSE) (Champion et al., 2003),
we selected 17 established fields of miscanthus and 15 of SRC
willows that were distributed in the East Midlands, South-west
and Southern regions of England and reflected the geographi-
cal locations of commercial dedicated biomass crops (Table S1).
All study fields were in standard commercial production on
land that had previously been used for arable crop production
and represented a range of inherent weediness from farms of
varying cropping intensities that yielded between 7 and 11 ton-
nes winter wheat ha1. The fields were planted between 1999
and 2004 and the fields of miscanthus had been harvested
annually in the winter, while the SRC willows had passed
through at least two coppice rotations and were due to be har-
vested during the winter following data collection. The bio-
mass crops were thus representative of established, and for
SRC willows, mature phase crops.
Arable crops
The FSEs of genetically modified, herbicide-tolerant break
crops (Firbank et al., 2003) have previously been used to com-
pare butterfly abundance in field margins of arable and dedi-
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cated biomass crops (Haughton et al., 2009). Thus, the data for
the arable crops came from 255 fields sampled as part of the
FSEs (Champion et al., 2003; Firbank et al., 2003; Bohan et al.,
2005), made up of 65 fields of spring-sown beet (Beta vulgaris
L.), 58 fields of spring-sown maize (Zea mays L.), 67 fields of
spring-sown oilseed rape (Brassica napus L.) and 65 fields of
winter-sown oilseed rape (B. napus L.). The fields represented
the range of agricultural and environmental conditions found
in commercial practice with regard to geographical distribu-
tion, agronomy, soil type and field size (Champion et al., 2003;
Bohan et al., 2005) and treatment effects on the abundance of
plant and invertebrate indicators were shown not to co-vary
with year, study site or geographical location (Haughton et al.,
2003; Heard et al., 2003; Bohan et al., 2005). The FSEs used a
split-field design, where the effect on biodiversity indicators of
‘conventional’ arable practice was compared with that of a
modified herbicide management regime associated with geneti-
cally modified, herbicide-tolerant break crops. Here, only data
from the conventional half of the split field (herein after termed
‘field’) are used. The crops were established from 2000 to 2002
and sampled throughout the growing seasons from 2000 to
2003. In the years subsequent to growing contrasting GMHT
and conventional varieties of break crops, farmers followed
their usual rotation and the fields were sown with a non-
GMHT crop and plant biodiversity indicators were assessed for
the first 2 years following the FSEs. Biodiversity data for the
cereal crops came from these follow-up assessments of the con-
ventional half of the split field (Heard et al., 2005) in fields of
inter-sown barley (n = 19) and winter-sown wheat (n = 72).
Weeds
Methods for sampling biodiversity indicators were standard-
ized for all crops, using the approach taken in the FSEs,
described in detail in (Firbank et al., 2003; Haughton et al.,
2003; Heard et al., 2003; Bohan et al., 2005). A total of twelve,
evenly spaced transects, extending 32 m into the crops, were
placed around and perpendicular to the field edges (Firbank
et al., 2003) and biodiversity indicators were sampled as fol-
lows. Soil core samples of the seedbank were taken from five
loci at 2 and 32 m along four transects, prior to the break crops
being sown (year t), and at 1 (t + 1) and 2 (t + 2) years after
drilling, and in April in the biomass crops. The seeds contained
within the cores were germinated and identified following the
methods in Heard et al. (2003). Abundance is reported here as
the density (numbers m2) to a depth of 0.15 m, where one
seed per field sample was equivalent to 18.75 m2 (Heard et al.,
2005). Seedbank data representing the effect of the four main
conventional break crops of the FSE were taken a year after
drilling, year t + 1 (Heard et al., 2003) and data that reflect the
effect of growing cereals in the year subsequent to the break
crops were taken from year t + 2 samples of those fields sown
to cereals in year t + 1 (Heard et al., 2005).
Noncrop plant (weed) biomass, representative of a single
crop growing season, was sampled in 1 m 9 1 m quadrats at 2
and 32 m along all 12 transects in the month before harvest for
the arable crops, and in August for the biomass crops. All
plants rooted within the quadrat were cut at ground level,
identified and sorted into species and dried for 24 h at 80 °C
before weighing (Heard et al., 2003). Biomass data reported
here are g m2. Plant species were assigned to monocot or
eudicot phylogenetic group (APG, 2003) following (Stace, 2010)
and allocated to primary growth strategy following (Grime
et al., 2007) prior to analysis (see Table S2).
Invertebrates
Within-crop invertebrates from the soil and weeds were sam-
pled using a Vortis suction sampler (Arnold 1994), where five,
10-second ‘sucks’ were taken 1 m apart at 2 and 32 m along
three transects in June (Haughton et al., 2003) and identified to
various taxonomic levels and assigned to appropriate trophic
(functional) group for analysis (Table 1) (Hawes et al., 2003).
An area of 0.6 m2 per field was sampled and abundance is
reported here as density of invertebrates m2.
Statistical analyses
To determine whether the densities of phylogenetic and growth
strategy groups of weeds and trophic groups of invertebrates
differed between biomass and arable crops, field totals were
transformed to common logarithms, after adding an offset of
one to seedbank and invertebrate counts and 0.005 to biomass
measurements. Sites for which the total count was zero or one
were excluded (c.f. Heard et al., 2003). The number of fields
included in each analysis is reported as N. For each biodiver-
sity indicator group and biomass-arable crop comparison of
interest, the null hypothesis of no difference between means
(H0: d = 0, H1: d 6¼ 0, where d̂ = d) was tested using a t-test,
with degrees of freedom adjusted using Satterthwaite’s formula
when crop variances were unequal (based on an F-test,
P > 0.05). Crop means are presented back-transformed to
the original scales. Relative crop effects for each biodiversity
indicator group are reported as R, the multiplicative ratio
(biomass crops : arable crops), calculated as R = 10d, where d
is the difference between the crop means on the logarithmic
scale. Upper and lower 95% confidence limits for d were back-
transformed similarly to give confidence limits for the true
value of R.
Canonical variates analysis (CVA) (Gardner et al., 2006) was
used to detect differences in the weed and invertebrate com-
munities of miscanthus, SRC willows and break crops; and for
weeds only, between miscanthus, SRC willows and cereal
crops. To avoid the effects of dominance of a few, highly abun-
dant species (Smith et al., 2008), field abundance of individual
weed and invertebrate taxa or grouping was transformed to
proportions of the total abundance per field. Significant differ-
ences reported for the compositions of weed and invertebrate
communities therefore indicate differences in proportions
rather than abundance. Taxa that were considered to have
occurred by chance were excluded from the analysis, such that
data for taxa that were present either in only a single crop with
an abundance of <1%, or in two or more crops at <0.1% abun-
dance were removed. Where removal of these low-abundance
taxa resulted in the remaining proportion of abundance at indi-
vidual sites being less than 80% of the original site total, these
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sites were removed from the analysis. Proportion data were
arcsine square-root transformed (Sokal & Rohlf, 2012) prior to
analysis, with crop type (miscanthus, SRC willows, break, cer-
eal crops) as the grouping factor. All analyses were done using
GenStat 17th Edition (VSNI, 2014).
Results
Seedbank
Seedbank densities tended not to differ between biomass
and arable crops for all plant groupings (Fig. 1, Table 2).
Total seedbank densities did not differ in either of the
biomass crops compared with break crops or cereals, but
there was a trend for seedbank densities of the plant
groups to be greater in miscanthus than in break or cer-
eal crops. There was no consistent direction of differ-
ences in seedbank densities between SRC willows and
the arable crops (Fig. 1, Table 2); however, there were
lower densities of ruderals in SRC willows than in break
crops (R = 0.37) and cereals (R = 0.38). Poa annua L. was
the most dominant species in break and cereals crops,
while Matricaria spp. and Epilobium spp. dominated in
miscanthus and SRC willows respectively.
Canonical variates analysis of the proportion of the
densities of 64 taxa recorded from the seedbanks of the
four crop types identified distinct communities in mis-
canthus and SRC willows; however, seedbank commu-
nities of cereal and break crops were not distinct from
each other (Fig. 2a). The first two axes explained 97.9%
of the variation accounting for 94.1% (v2192 = 897.97,
P < 0.001) and 3.8% (v2126 = 166.55, P < 0.009) of the
variation, respectively, for axes 1 and 2.
Canonical variates analysis of the proportion of the
densities of ten plant strategies recorded from the seed-
banks of the four crop types identified distinct strategy-
based communities in some of the crop types (Fig. 2b).
The communities in miscanthus and SRC willows were
distinct from each other and from the composite com-
munity of break crops and cereals. The first two axes
represented 97.7% of the variation, with separation
between the biomass crops and the arable crops along
axis 1, that accounted for 92.0% (v230 = 246.17,
P < 0.001) of the variation. Separation along axis 2 was
not statistically significant, representing only 5.7% of
the variation (v218 = 26.59, P < 0.087).
Weed biomass
Weed biomass varied between biomass and arable
crops, where differences were of many orders of magni-
tude, ranging from 0.01 to 12.33-fold (Fig. 3, Table 3).
Table 1 Levels of identification and assignment to trophic group of invertebrates
Taxa Level of identification
Trophic group












Symphyta larvae Sub-order y
Parasitica Superfamily y
Coleoptera
Coccinellidae Family y y
Curculionidae Family y
Staphylinidae Family y
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The total amount of weed biomass in both miscanthus
and SRC willows was lower than that of break crops
(R = 0.04; R = 0.10, respectively), but higher than that in
cereals (R = 1.92; R = 4.76, respectively). The difference
in total weed biomass in miscanthus compared with
break crops was reflected in amounts of biomass of
monocots (R = 0.18), eudicots (R = 0.01) and ruderals
(R = 0.01). There were no differences in amount of com-
petitor biomass in miscanthus compared with break
crops. The greater total weed biomass in miscanthus
crops compared with cereals was not reflected
consistently across the other groupings, with greater
competitor biomass (R = 3.31) and lower ruderal
biomass (R = 0.39) in miscanthus. Monocot and eudicot
biomasses did not differ between miscanthus and cere-
als. Poa annua L. was the most dominant species in
break and cereals crops, while Cirsium arvense (L.) and
Elytrigia repens (L.) dominated miscanthus and SRC wil-
lows respectively.
The lower total weed biomass in SRC willows com-
pared with break crops was not reflected across all
groupings, where competitor biomass was greater
(R = 12.33), and biomasses of eudicots and ruderals
were lower (R = 0.05; R = 0.01, respectively). Monocot
biomass did not differ between SRC willows and break
crops. The greater total weed biomass in SRC willows
compared with cereals was reflected in many, but not
all, plant groupings. Biomasses of monocot, eudicot and
competitor were greater in SRC willows compared with
cereals (R = 3.82; R = 5.07; R = 5.75, respectively), but
that of ruderal plants was lower (R = 0.32).
Canonical variates analysis of the proportion of bio-
mass of 92 taxa recorded from all four crop types
revealed clearly defined species compositions in three
of the crop types (Fig. 4a). Just as for seedbanks, com-
munities in miscanthus and SRC willows were distinct
both from each other and from those in arable crops,
but those in break and cereal crops were indistinguish-
able. The first two axes accounted for 86.4% of the varia-
tion in plant species composition, with clear separation
along axis 1 that represented 69.5% of the variation
(v2276 = 1333.53, P < 0.001) and axis 2 that represented
16.85% of the variation (v2182 = 653.05, P < 0.001).
Canonical variates analysis of the proportion of bio-
mass of nine plant strategies recorded from the four
crop types identified distinct strategy-based communi-
ties in all crop types (Fig. 4b). The first two axes
explained 96.9% of the variation, accounting for 75.5%
(v227 = 357.26, P < 0.001) and 21.4% (v
2
16 = 106.88,
P < 0.001) of the variation, respectively, for axes 1 and




















Fig. 1 Ratio (R) of seed density in the seedbanks of miscant-
hus and SRC willows to break and cereal crops. Solid symbols:
miscanthus; open symbols: SRC willows; circles: break crops;
triangles: cereals. R is computed as 10d, where d is the differ-
ence between the means (over sites) of the logarithmically
transformed seed density m2 per field to a depth of 0.15 m.
Dashed line is line of equality (d = 0 or R = 1). Error bars are
95% confidence limits for R, also back-transformed to the ratio
scale (hence asymmetry).
Table 2 Back-transformed mean of densities of seeds (counts m2) in the top 0.15 m of soil per field in break crops (break), cereals
(cereal), miscanthus (misc) and SRC willows (SRC) and t-statistics for comparisons between biomass and arable crop means, with
observed significance levels
Mean seed density
Comparisons with Miscanthus Comparisons with SRC
Break crops Cereals Break crops Cereals
Break Cereal Misc SRC t df P t df P t df P t df P
Total plants 141.2 124.0 206.0 157.9 1.18 249.0 0.240 1.62 97.0 0.109 0.35 249.0 0.728 0.76 97.0 0.450
Monocots 32.5 33.8 61.4 26.7 1.30 249.0 0.196 1.19 97.0 0.239 0.39 249.0 0.696 0.45 97.0 0.654
Eudicots 84.7 69.3 129.9 116.8 1.23 249.0 0.221 1.90 97.0 0.060 0.92 249.0 0.359 1.57 97.0 0.120
Ruderals 71.3 68.2 106.6 25.5 0.97 249.0 0.332 1.14 97.0 0.259 2.46 249.0 0.015 2.49 97.0 0.014
Competitors 1.7 1.9 1.6 2.5 0.17 249.0 0.865 0.45 97.0 0.656 0.72 249.0 0.473 0.38 7.4 0.714
Number of study fields (N): break crops = 243; cereals = 91; miscanthus = 8; SRC willows = 8.
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in each of the four crop types were distinct from each
other, with separation between cereals, miscanthus and
SRC willows occurring on axis 1, and separation
between the two arable crops types occurring on axis 2.
Invertebrates
The densities of all invertebrate groupings were many
times greater in the two biomass crops compared with
break crops (Fig. 5, Table 4), ranging from 4.64 to 38.37-
fold differences. Isotomid Collembola was the most
dominant taxon in both break crops and SRC willows,
while entomobryid Collembola were most dominant in
miscanthus.
The defined trophic groups comprised 47% of total
invertebrates in break crops, and 92% and 84% in mis-
canthus and SRC willows, respectively, with detriti-
vores consistently the dominant trophic group,
representing 35%, 84% and 72% of total invertebrates in
break crops, miscanthus and SRC willows respectively.
CVA of the compositions of 41 taxa recorded from the
three crop types identified distinct communities
(Fig. 6a). The communities were separated on axis 1
(v282 = 357.07, P < 0.001) representing 94.2% of the vari-
ation, but not on axis 2 (v240 = 38.43, P < 0.541). Trophic
communities of the two biomass crops were different
from those of the break crops, but not from each other
(Fig. 6b), with separation along axis 1 (v28 = 43.40,
P < 0.001) accounting for 94.9% of the variation, but not
axis 2 (v23 = 2.39, P < 0.495).
Discussion
Our findings corroborate our, and previous authors’
(e.g. (Meehan et al., 2013), expectations that replacing
annual arable crops with perennial, dedicated biomass
crops results in significant, large-scale changes to the
abundance and composition of plant and invertebrate
biodiversity indicators. We suggested that such changes
would be a result of differences in crop management.
Apart from the differences in physical structure of bio-
mass crops, the between-year timing and frequency of
inputs, harvesting and other disturbance in perennial
crops are both consistent and reduced in comparison
with intensively farmed arable crops that constitute the
annual rotation-based farming system. We believe these
CV 1 (94.1%)




































Fig. 2 Canonical variates for seedbanks in biomass and arable crops. CVA group mean scores (•) with 95% confidence regions for
proportions recorded in the seedbank of (a) taxa and (b) plant growth strategies (after Grime 2001) in break crops (B), cereals (C), mis-



















Fig. 3 Ratio (R) of weed biomass m2 in miscanthus and SRC
willows to break and cereal crops. Solid symbols: miscanthus;
open symbols: SRC willows; circles: break crops; triangles: cere-
als. R is computed as 10d, where d is the difference between the
means (over sites) of the logarithmically transformed densi-
ties m2 per field. Dashed line is line of equality (d = 0 or
R = 1). Error bars are 95% confidence limits for R, also back-
transformed to the ratio scale (hence asymmetry).
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characteristics of perennial cropping led to increases in
abundance of competitors and decreases in ruderals
and we expect these differences to persist through the
lifetime of the crop. Similar responses by plant traits to
changes in frequency and intensity of crop management
have been reported in arable crops (Froud-Williams
et al., 1983); field margins (Critchley et al., 2006) and set-
aside (Boatman et al., 2011). Rowe et al. (2011) assessed
responses to biomass and cereal crops by plant traits
and found a statistically, nonsignificant trend towards
greater numbers of perennial plants in biomass crops. It
is likely that high variability between the low number
of study sites (three) in the study by Rowe et al. (2011)
contributed to the lack of a statistically significant result
and highlights the value of large-scale studies such as
these we report here. Storkey et al. (2013) assessed the
effects of arable cropping on plant assemblages in
greater detail, by measuring the response by plant traits
to a disturbance gradient that ranged from annual culti-
vations and inputs to perennial noncrop habitat and
demonstrated that frequency of disturbance was an
important driver of trait-based community assembly in
the arable systems tested.
Functional approaches have been argued to provide a
more parsimonious explanation and understanding of
management effects on biodiversity and ecosystem
functioning in comparison to species-based, taxonomic
approaches (Hooper et al., 2005; Cadotte et al., 2011;
Gagic et al., 2015). Analysis of functional groups has
allowed us greater insight into ecosystem function
responses to levels of disturbance, as we note the
amount of variation accounted for by the first two axes
in the weed CVA was greater for the functional group
analyses than in the taxonomic groups (96.9% vs. 86.4%
for weed biomass; 97.7% vs. 86.4% for seedbank).
Although not measured here, functional indices have
been shown to be positively related to ecosystem func-
tion (Hoehn et al., 2008) and a next step would be to
assess the functional diversity of the communities.
We used two contrasting indicators of weed biodiver-
sity: seedbanks and biomass. Seedbanks are a repository
of the effect of previous management (Bohan et al., 2011),
reflecting the longer term effects of field management
and cropping system (Hawes et al., 2010) and our results
appear to be consistent with this, because crop effect
ratios (R) of seedbank densities in the biomass-break
crops and biomass-cereal comparisons are similar in
terms of magnitude and direction of difference. Mea-
sures of weed biomass, however, reflect within-season
effects of growing a particular crop type (Heard et al.,
2003; Hawes et al., 2009), and this has been inferred by
Baum et al. (2013b) and in our results, as the crop effect
ratios (R) of weed biomass densities are very different























































































































































































































































































































































































































































































































































© 2015 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., 8, 1071–1081
BIOMASS CROPS ENHANCE LANDSCAPE BIODIVERSITY 1077
difference in the biomass-break crop and biomass-cereal
comparisons. Thus, for a given field, the choice of crop in
an annual cropping system results in different effects on
abundance of weed taxa and growth strategies between
cropping seasons. However, the trend of direction of
crop effect on indicators observed in biomass is not seen
in the results for seedbanks. Our work suggests that
weed biomass could be a predictor of the development
of seedbanks in established, perennial crops. Where we
recorded significant and consistent crop effects on weed
biomass for biomass-break crops and biomass-cereal
comparisons, we expect the same effects to develop in
the seedbank of miscanthus and SRC willows, such that
there would be a longer term shift towards a flora domi-
nated by perennials and competitors.
This work has shown responses by biodiversity indi-
cators to crop planting vary according to the type and
longevity of the crop. The similarity and consistency in
direction and magnitude of crop effect on the seedbank
suggest that, when assessed across rotations of an arable
system, cereals and break crops are components of a
single cropping system. Indeed, the community analy-
ses of weed taxa recorded as biomass and in the seed-
bank identify a unified arable community. While our
findings support the theory of spatially structured ara-
ble weed communities (Freckleton & Watkinson, 2002),
the regional- and national-scale data used here suggest
that these communities operate at greater scales than
suggested. Previous analyses of weed and invertebrate
communities in arable crops have also identified taxo-
nomic community response to farm management at dif-
ferent temporal and spatial scales. Hawes et al. (2010)
found longer term, farm-scale cropping system-
mediated responses by weed seedbank communities in
conventional, organic and integrated fields, while
within-year, field-scale effects of crop were identified by
Smith et al. (2008), who found that weed and inverte-
brate communities were associated with individual
break crops. Our work demonstrates an intermediate
level of response to cropping system, as arable and bio-
mass cropping is possible within a single farm unit.
We have previously reported results for butterfly data
collected in this multi-site, regional-scale experiment
(Haughton et al., 2009), where the abundance of nonpest
butterfly species was significantly higher, and that of
pest butterflies was significantly lower in the field mar-
CV 1 (69.5%)



































Fig. 4 Canonical variates for weed biomass in biomass and arable crops. CVA group mean scores (•) with 95% confidence regions
for proportions of biomass of (a) taxa and (b) plant growth strategies (after Grime 2001) in break crops (B), cereals (C), miscanthus




















Fig. 5 Ratio (R) of the density of invertebrates m2 in mis-
canthus and SRC willows to break crops. Solid symbols: mis-
canthus; open symbols: SRC willows. R is computed as 10d,
where d is the difference between the means (over sites) of the
logarithmically transformed density of invertebrates m2 per
field. Dashed line is line of equality (d = 0 or R = 1). Error bars
are 95% confidence limits for R, also back-transformed to the
ratio scale (hence asymmetry).
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gins of both miscanthus and SRC willows than arable
break crops. The results presented here, based on large
numbers of entire, commercial fields and study fields
distributed regionally and nationally, show greater
abundances of biodiversity indicators in biomass crops
at the landscape scale. This concurs with the limited
number of previous, predominantly small-scale, local
studies of comparative impacts on biodiversity of culti-
vating miscanthus, SRC willows and arable crops. Bel-
lamy et al. (2009) found greater weed cover and
abundance of canopy invertebrates in miscanthus than
in cereals led to greater numbers and diversity of bird
species and Rowe et al. (2011) and Baum et al. (2012)
reported greater weed biomass and species richness,
respectively, in SRC willows than in cereals. Stanley &
Stout (2013) found significant benefits of miscanthus to
solitary, nesting bees compared with cereal crops and
suggest this could be a result of the enhanced floral
resource in miscanthus. In a similar, but larger, experi-
ment carried out in a different geographical region to
Bellamy et al. (2009), Sage et al. (2010) found fewer bird
species and individuals in miscanthus, and suggested
that location and differences in the levels of weediness
contributed to this disparity in their results, thus indi-
rectly suggesting that biodiversity studies should be
widely spatially distributed if they are to account for
regional variability. Miscanthus is known to be patchy
in its early establishment, which in turn leads to patchy
distributions of weeds (Zimmermann et al., 2014) and
Dauber et al. (2015) caution against long-term expecta-
tions of biodiversity benefits of miscanthus, as they sug-
gest farmers would eliminate such patches to maximize
crop yield. The fields of miscanthus studied in this
experiment were the oldest commercially managed
crops available at the time of the experiment and it is
possible that they were in the late establishment phase
(Karp & Shield, 2008). Nevertheless, the study fields
were managed for yield, and we would expect patches
of weeds in these late establishment phase crops to
remain a feature in older crops.
An unexpected and surprising outcome of this work
was the contrast in the magnitudes of the crop effect on
weed biomass and the invertebrates, suggesting that,
unlike in arable crops, there is a significant positive
crop–resource relationship in perennial biomass crops.
Previous studies in annual arable crops (Hawes et al.,
Table 4 Back-transformed mean of densities of invertebrates (counts m2) per field in break crops, miscanthus and SRC willows
(SRC), and t-statistics for comparisons between biomass and arable crop means, with observed significance levels
Mean invertebrate density Comparisons with Miscanthus Comparisons with SRC
Break crops Miscanthus SRC t df P t df P
Total 160.8 1852.5 2998.2 1.18 249.0 0.240 0.35 249.0 0.728
Detritivores 55.6 1547.8 2171.7 1.30 249.0 0.196 0.39 249.0 0.696
Herbivores 9.7 48.7 157.9 1.23 249.0 0.221 0.92 249.0 0.359
Predators 10.5 101.6 199.9 0.97 249.0 0.332 2.46 249.0 0.015
Number of study fields (N): break crops = 233; miscanthus = 14; SRC willows = 11.
CV 1 (94.2%)




































Fig. 6 Canonical variates for invertebrates in biomass and break crops. CVA group mean scores (•) with 95% confidence regions for
proportions of invertebrate (a) taxa and (b) trophic functional group recorded in break crops (B), miscanthus (M) and SRC willows
(S). The percentage variation explained by each canonical variate is given in parentheses.
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2003, 2009; Bohan et al., 2007) have demonstrated posi-
tive relationships between weed resource and inverte-
brate functional groups, and we suggest that in addition
to the effect of the biomass crop itself, the competitor
plant community in biomass crops could, in part, drive
the detritivore-dominated invertebrate fauna in biomass
crops, as the competitors were the only group of plants
to show greater densities in biomass crops than break
crops. Competitor plant types typically exhibit a peren-
nial reproductive strategy (Grime et al., 2007) and posi-
tive benefits of perennial vegetation on species richness
and abundance of parasitic tachinid Diptera have been
reported by Letourneau et al. (2012). Storkey et al. (2013)
found that plant herbivores respond positively to rud-
eral plants in arable systems; however, we found no evi-
dence of this in perennial biomass crops, as the density
of plant herbivores was greater in biomass crops,
despite statistically significant lower densities of ruderal
plant biomass. It is unfortunate that similar data for
invertebrates in cereals were not collected in the FSEs,
and to our knowledge, are not available elsewhere at
scales equivalent to those analysed here; however, if the
same pattern we have found in break crops were fol-
lowed in cereals, we would predict that invertebrate
abundance could be somewhat greater in cereals, due to
the marginally greater densities of competitors than in
break crops.
In conclusion, our analyses of regional- and national-
scale data have shown that indicators of biodiversity are
more abundant in perennial biomass cropping systems
than annual cropping systems and we identified diver-
gent functional compositions of plant and invertebrate
communities in the arable and biomass crops. Our anal-
yses also confirm the value of break crops for biodiver-
sity indicators in arable rotations. These findings
support the view that strategic planting of dedicated
biomass crops, in intensively managed, arable-domi-
nated farmland, can be used as a powerful tool for
increasing landscape heterogeneity in the bid to create
resilient, multifunctional landscapes (Rader et al., 2014).
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